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Precompensation Circuit for Magnetic Recording 

[0001] The present invention claims priority under 35 U.S.C. §119 (e) 

from U.S. provisional application serial no. 60/289,529, entitled 
"Precompensation Circuit for Magnetic Recording" filed 09-May-2001, the 
contents of which are incorporated herein by reference. 

[0002] BACKGROUND OF THE INVENTION 

[0003] Field of the Invention 

[0004] The invention relates to magnetic recording of data and more 

particularly to pre -compensation in writing of data to a magnetic 
medium. 

[0005] Description of the Related Art 

[0006] In magnetic recording, data is written on or read from one or more 

data tracks of a magnetic storage medium such as a hard disk. The data 
tracks generally form concentric rings on the surfaces of each of plural 
hard disks that constitute the magnetic recording device. When writing 
to such a track, the disk is rotated at predetermined speed, and electrical 
signals applied to a magnetic read/write head floating over the track are 
converted to magnetic transitions on the track. The magnetic transitions 
represent digital data encoded so that each transition may correspond to 
a ONE bit value and the absence of a transition may correspond to a 
ZERO bit value as in a "non return to zero inverted" (NRZI) encoding. 

[0007] To obtain high density recording, magnetic transitions 

representing data patterns are closely packed on the hard disk magnetic 
medium. Each transition or absence of a transition of the recording bit 
sequence is located in a window in which a flux reversal may occur. Such 
closely packed data bits influence each other so that non-linear magnetic 
shifting of transitions and bit interference are likely to occur during 
recording. As a result, the reading of the high density recorded data 
pattern may be adversely affected. In an example, any device mismatch 
in a high data rate write data path causes positive/negative transition 
skew known as pulse pairing so that writing of a single tone square wave 
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can result in a write transition spacing that has other than a 50% duty 
cycle. 

[0008] When writing to a high density magnetic recording channel, it is 

therefore necessary to adjust the position of transitions in the data 
stream to correct for the influence of nearby transitions so that 
transitions in the recovered data stream are evenly placed. Such 
precompensation of data being recorded is accomplished by changing the 
timing of the magnetic flux reversal in a clock period to offset the 
magnetic transition shift and interference effects of adjacent and nearby 
bits. In this way, the transition shift of a bit due to the pattern of 
preceding and/or succeeding bits is anticipated and the bit recording time 
is changed to compensate for the magnetic transition shift due to the 
effects of surrounding bits. 

[0009] In one type of known precompensation exemplified by the 

disclosure of U.S. Patent 4,878,028 issued to Y. C. Wang October 31, 
1989, a precompensation delay arrangement for writing data to disks has 
plural delay information elements, each providing a fixed delay that is a 
percentage of the bit cell time period according to the data bit pattern. In 
the recording of the data pattern, one of the delay information elements is 
selected to provide a preset delay (early, nominal, or late) for recording a 
present data bit according to the preceding data bit pattern. 

[0010] In another type of precompensation exemplified by U.S. Patent 

6,133,861 issued October 17, 2000 to G. Jusuf et al. and assigned to the 
same assignee, each of multiple decoders is supplied with a selectably 
variable version of a master clock. The delayed versions of the master 
clock are stably produced by delay elements using delay-locked feedback 
loops. Each of the delay elements is set at a different fixed delay and 
provides a differently delayed clock signal to a decoding circuit to which 
data to be recorded is supplied. A selection circuit selects one of the data 
decoding circuits responsive to the pattern of the preceding data bits. 

[001 1] In the aforementioned and other prior art arrangements, the 

timing of recording of each data bit is shifted to precompensate for the 
preceding data bit pattern. It is, however, required to provide 2 N delay 
altering elements each having a different delay to provide 
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precompensation for a data pattern of N data bits. Accordingly, while 
only 4 delay altering elements generating different delays are needed for 
precompensation of a 2 data bit pattern, the number of required delay 
defining elements increases as the data bit pattern is increased. Eight 
delay altering elements are needed for precompensation based on a three 
data bit pattern and 16 delay altering elements are needed for 
precompensation based on a 4 data bit pattern. The increased number of 
delay altering elements to precompensate for larger data bit patterns 
adds to the cost and the complexity of magnetic recording system. 
Accordingly, It is desirable to provide a precompensation arrangement 
which utilizes a predetermined number of delay elements which is 
independent of the size of data bit patterns used for precompensation. 

[0012] Summary of the Invention 

[0013] The invention is directed to a precompensation arrangement for 

magnetic recording of data signals in which a clock generator generates 
clock signals at a predetermined rate to clock the data signals to be 
recorded. Plural clock delay units provide delays to control the recording 
times of the data signals according to patterns of adjacent data signals. 
Recording of each data signal is delayed on the basis of the states of the 
adjacent data signals. 

[0014] According to the invention, a clock delay generator generates clock 

delay data relative to the generated clock signals for each successive data 
signal responsive to the pattern of adjacent data signals, n > 1 clock 
delay units operate to control recording times of the successive data 
signals according to the clock delay data. Each clock data unit generates 
an output signal that determines the recording time of one data signal in 
each sequence of n successive data signals according to the clock delay 
data received by the clock data unit for that data signal. 

[0015] According to one aspect of the invention, one clock delay unit 

receives the clock delay data corresponding to an mth data signal while 
the clock delay unit that received the clock delay data corresponding to 
the (m-n+l)th data signal generates the output signal to determine the 
recording time of the (nrn+l) data signal. 
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[0016] According to another aspect of the invention, each clock delay unit 

is a reprogrammable clock delay unit that is reprogrammed according to 
the clock delay data for the one data signal received in each sequence of n 
data signals. 

[0017] According to another aspect of the invention, each pattern of 

adjacent data signals includes one set of data signals immediately 
preceding the data signal for which clock delay data is generated, a set of 
data signals immediately succeeding the data signal for which the clock 
delay data is generated or a set of data signals surrounding the data 
signal for which the clock delay data is generated. 

[0018] According to yet another aspect of the invention, a selector 

sequentially selects the output signals of the n clock delay units in each n 
data signal sequence to control the recording times of the successive data 
signals of the sequence. 

[0019] According to yet another aspect of the invention, the clock delay 

generator includes a look up table which forms clock delay information 
relative to the generated clock signal for each successive data signal 
according to the pattern of adjacent data signals for each successive data 
signal. 

[0020] According to yet another aspect of the invention, a reference clock 

delay unit produces reference clock delay data corresponding to the 
predetermined clock rate in response to the generated clock signals. 

[0021] According to yet another aspect of the invention, the clock delay 

generator includes a look up table that produces clock delay information 
according to the set of adjacent data signals for each data signal, a unit 
that produces a reference clock delay signal and a unit that combines the 
clock delay information and the reference clock delay signal to form the 
clock delay data for each data signal. 

[0022] According to yet another aspect of the invention, the reference 

clock delay unit includes a reprogrammable clock delay unit that is 
reprogrammed according to changes in the predetermined clock rate. 
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[0023] According to yet another aspect of the invention, a calibration unit 

calibrates each of the n clock delay units to the changed predetermined 
clock rate in response to a change in the predetermined clock rate. 

[0024] According to yet another aspect of the invention, the calibration 

unit includes a comparator that compares the output signal of the 
reference clock delay unit to the output signals of the n clock delay units 
to form a reference value for each of the n clock delay units. 

[0025] According to yet another aspect of the invention, each clock unit 

includes an interpolator for interpolating received clock delay data. 

[0026] According to yet another aspect of the invention, each clock delay 

unit includes a phase locked loop that generates a data signal 
determining output in response to the clock delay data from the clock 
delay generator. 

[0027] In an embodiment illustrative of the invention, the timing of data 

signals to be magnetically recorded is controlled by a precompensation 
circuit that includes a clock delay generator having a look up table to 
generate clock delay data for each successive data signal according to the 
pattern of adjacent data signals surrounding the data signal, a set of n 
same type programmable phase locked loop delay units operating 
sequentially to control the recording times of successive data signals 
based on the clock delay data and a calibrator that calibrates the 
programmable phase locked loop delay units to accommodate changes in 
recording clock rate. During writing of the data signals, each phase 
locked loop delay unit receives clock delay data for a one data signal in 
each sequence of n successive data signals and generates a delay output 
signal that sets the recording time of that data signal. While one phase 
locked loop delay unit receives the clock delay data for the mth data 
signal, the phase locked loop delay unit that received the (m-n+l)th data 
signal in the sequence outputs a signal to time the recording of the (nr 
n+l)th data signal. In response to a change in clock rate, the clock delay 
data for each delay unit is calibrated for the changed clock rate using a 
reference phase locked loop delay unit set according to the clock rate. 
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[0028] Brief Description of the Drawings 

[0029] Fig. 1 depicts a general block diagram of a precompensation 

arrangement illustrative of the invention; 

[0030] Fig. 2 is a block diagram of a clock delay data generator useful in 

the precompensation arrangement of Fig. 1; 

[0031] Fig. 3 is a block diagram of a calibration unit useful in the 

precompensation arrangement of Fig. L" 

[0032] Fig. 4 shows a comparator arrangement that may be used in the 

calibration unit of Fig. 3; 

[0033] Fig. 5 is a flow chart illustrating calibration of the clock delay units 

of Fig. l; and 

[0034] Fig. 6 is a flow chart illustrating the data signal delay operations of 

the precompensation arrangement of Fig. 1. 

[0035] Description of the Preferred Embodiments 

[0036] Fig. 1 shows a general block diagram of a precompensation circuit 

illustrative of the invention. In Fig. 1, there are shown a control unit 
100, a clock delay generator 101, clock delay units 103-1, 103-2, 103-3 and 
103-4, a reference delay unit 105, a calibration unit 110, a delay output 
multiplexer 115 and a write driver 120. The clock delay generator has an 
output data signal DAT coupled to one input of the write driver 120. 
Delay data signal lines couple clock delay data signals DL1, DL2, DL3 
and DL4 to the clock delay units 103-1, 103-2, 103-3 and 103-4, 
respectively, and a delay reference signal line couples a signal DRF to the 
reference delay unit 105. Each of the clock delay units 103-1, 103-2, 103- 
3 and 103-4 has an output (DOl, D02, D03, D04) coupled to the delay 
output multiplexer 115. The output of the delay output multiplexer 115 
is coupled to another input the write driver 120. The output of the 
reference delay unit 105 and output of the delay output multiplexer 115 
are coupled to the calibration unit 110. The control unit 100 is coupled to 
the clock delay generator 101, the calibration unit 110 and the delay 
output multiplexer 115. 
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[0037] In precompensation operation, the clock delay generator 101 

receives successive data signals DATA(m) to be written. For each 
received data signal, clock delay data is generated in the clock delay 
generator 101 to compensate for transition shifting on the basis of a 
pattern of adjacent preceding data signals DATA(m), DATA(m-l), 
DATA(m-2), etc., or surrounding data signals DATA(m-l), DATA(m), 
DATA(m+l), etc. The clock delay data signals DL1, DL2, DL3 and DL4 
are applied to the clock delay units preferably sequentially so that clock 
delay unit 103-1 receives the clock delay data for the data signals 
DATA(m), DATA(m+4), DATA(M+8), ... The clock delay unit 103-2 
receives the clock delay data for the data signals DATA(m+l), 
DATA(m+5), DATA(m+9), . . . The clock delay unit 103-3 receives the 
clock delay data for the data signals DATA(m+2), DATA(m+6), 
DATA(m+10), . . . The clock delay unit 103*4 receives the clock delay 
data for the data signals DATA(m+3), DATA(m+7), DATA(m+ll), . . . 

[0038] As is well known in the art, each clock delay unit requires a period 

of time after clock delay data for a data signal is applied thereto to adjust 
the phase of its delay output to correspond to the applied clock delay 
data. In accordance with the invention, the number of clock delay units 
is based on the adjustment period rather than the number of data signals 
used to determine precompensation. In Fig. 1, it is assumed that the 
delay adjustment period is less than four data signal clocking periods so 
that the clock delay data for data signal DATA(m) is applied to clock 
delay unit 103-1 while the delay output of the clock delay unit 103*2 
which previously received the clock delay data for the data signal DAT 
(m-3) is selected by the delay output multiplexer 115 to determine the 
recording time for the data signal DAT(nr3) being output from the clock 
delay generator 101 to the write driver 120. Of course, as will be 
appreciated by one of ordinary skill in the art, it is contemplated that 
delay output multiplexer 115 may select the clock delay units in a non 
sequential manner. 

[0039] The arrangement of Fig. 1 also operates in a calibration mode to 

calibrate the delays of the clock delay units 103-1,103-2, 103-3 and 103-4. 
The calibration is provided through the use of the reference delay unit 
105 and the calibration unit 110. Upon start-up or a change in writing 
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clock rate, a delay for an uncompensated transition corresponding to the 
writing clock rate is set into reference delay unit 105. The output of each 
of the clock delay units without clock delay data input thereto is then 
compared to the delay set in the reference delay unit. A signal 
corresponding to the difference between the delay set in reference delay 
unit and the delay output of each clock delay unit is generated and stored 
in the clock delay generator as an offset value which is added to the clock 
delay information obtained for the pattern of adjacent data to be applied 
to the clock delay unit. In this way, the each of the clock delay units is 
calibrated for operation at the current writing clock rate. 

[0040] The control 100 provides signals to the clock delay generator 101 

and to the delay output multiplexer 115 to synchronize the outputting of 
the clock delay data signals DLl, DL2, DL3 and DL4 from the clock delay 
generator 101 with the multiplexing of the delay output signals DOl, 
D02, D03 and D04 in the delay output multiplexer 115 during 
precompensation. In order to allow sufficient time for each clock delay 
unit to adjust its output to the newly received clock delay data, one clock 
delay unit receives the clock delay data for the data signal DATA(m) 
while the clock delay unit that received the clock delay data for the data 
signal DATA(nrn+l) outputs a delay control signal DO to control the 
recording time of the data signal DATA(nrn+l). The number of clock 
delay units must be more than the number of writing clock periods 
required for each clock delay unit to adjust its output to the received clock 
delay data. In the calibration mode, the control 100 operates to provide 
control signals to the clock delay generator 101, the calibration unit 110 
and the multiplexer 115 to sequentially compare the outputs of the clock 
delay units DLl, DL2, DL3 and DL4 without clock delay data applied 
thereto to the delay output of the reference delay unit 105 and to store 
the resulting clock delay unit offsets in the clock delay generator 101. 

[0041] Fig. 2 is a more detailed block diagram of the clock delay generator 

of Fig. 1. In Fig. 2, there are shown shift registers 201 and 205 to which 
data signals to be written are applied, a delay look up table 210, a delay 
offset store 215, summing units 220-1, 220-2, 220-3 and 220 4 and a delay 
unit sequencer 225. The shift register 201 receives incoming data and 
has a delayed output coupled to the write driver 220 of Fig. 1. The shift 
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register 205 receives the data to be written and is coupled to the delay 
look-up table 210 which in turn is coupled to the combining units 220-1, 
220-2, 220-3 and 220-4. Delay offset store 215 receives offset values from 
the calibration unit 110 and is coupled to the combining units 220-1, 220- 
2, 220-3 and 220*4 which are in turn coupled to the clock delay units 103- 
1, 103-2, 103-3 and 103-4 of Fig. 1, respectively. The delay unit 
sequencer 225 receives timing control signals from the control 100 in Fig. 
1 and is coupled to the combining units 220-1, 220-2, 220-3 and 220-4. 

[0042] In the precompensation arrangement having four clock delay units, 

a pattern of adjacent data signals consists of the current data signal 
DATA(m) and the 2 preceding data signals DATA(ml) and DATA(nr2) 
may be used to determine the recording time of the DATA(m) data signal. 
The shift register 201 receives the data signal DATA(m) to be written and 
provides an output delayed by three data signal units to account for the 
clock delay unit adjustment period of the clock delay unit that will receive 
the clock delay data for the data signal DATA(m). The shift register 205 
receives the data signal DATA(m) and presents the pattern of data 
signals DATA(m), DATA(nrl) and DATA(nr2) to the look-up table 210 
under control of a signal from the control 100 in Fig. 1. The look-up table 
210 is arranged to output clock delay information to each of combiners 
220-1, 220-2, 220-3 and 220*4 in response to the states of the adjacent 
data signals DATA(m), DATA(m l) and DATA(nr2). The clock delay 
information from the look-up table outputs clock delay information that 
has been pre-calculated according to the states of the data signals 
DATA(m), DATA(m-l) and DATA(m-2) to provide an appropriate shift in 
the recording time for the data signal DATA(m). 

[0043] The delay offset store 215 supplies an offset value for each of the 

clock delay units 103-1, 103-2, 103-3 and 103-4 produced during a 
previous calibration to each of the combiners 220*1, 220-2, 220-3 and 220- 
4. The delay sequencer 225 operates to provide a rotating sequence of 
selection signals to the combiners so that one of the combiners (e.g., 220- 
1) is selected to form the clock delay data signal DL1 for the data signal 
DATA(m). The clock delay data signal DL1 is then input to the clock 
delay unit 103*1. Concurrently, the multiplexer 115 in Fig. 1 is controlled 
by the DS signal from the control 100 to pass the D02 signal from the 
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clock delay unit 103-2 to time the recording of the DAT(nr3) output from 
shift register 201 by the write driver 120. 

[0044] In general, the clock delay generator sends a delay signal for the 

mth data signal concurrently with the outputting of the clock delay 
output signal corresponding to nrn+1 data signal from the next clock 
delay unit to receive clock delay data. While the operation of the clock 
delay generator has been described using a pattern of two preceding and 
the current data signals, it is to be understood that the registers 201 and 
205 and the look-up table 210 may arranged to provide clock delay 
information for other patterns that include a set of N preceding data 
signals, N surrounding data signals or N succeeding data signals where 
N can be 2, 3, 4 or more. 

[0045] Each of the clock delay units 103-1, 103-2, 103-3 and 103-4 receives 

a write clock signal CLK from the control 100 and a clock delay data 
signal DL from the clock delay generator 101. The clock delay unit may 
include a phase locked loop circuit that operates responsive to clock delay 
data DL from the clock delay generator to alter the phase of its output 
relative to the write clock CLK. A phase locked loop arrangement such as 
disclosed in aforementioned U.S. Patent 6,133,861 which is incorporated 
by reference herein may be used. For such use, the clock delay data from 
the clock delay generator 101 is converted (e.g., by a digital to analog 
converter well known in the art) to a voltage which controls the phase of 
the clock delay unit output. Alternatively, a digital phase locked loop of 
the type may be used to alter the phase of the clock delay unit's DOn 
signal when supplied with the clock delay data from the clock delay 
generator 101. 

[0046] Fig. 3 shows a block diagram of the calibration unit 110 of Fig. 1 

that has a calibration control 301 and a comparator 305. The calibration 
control 301 receives a control signal from the control 100 of Fig. 1 and 
causes the comparator 305 to form delay offset signals for each of the 
clock delay units 103-1, 103*2, 103-3 and 103-4. The offset signals are 
stored in the delay offset store 215 of clock delay generator 101. A circuit 
that may be used as the comparator 305 is shown in Fig. 4. Referring to 
Fig. 4, there are shown an amplifier 440, a clock delay voltage former 
including an inverter 401, FETs 403 and 405, a constant current source 
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407 and a capacitor 409, a reference clock voltage former including an 
inverter 410, FETs 413 and 415, a constant current source 417 and a 
capacitor 419, a NAND gate 420, an inverter 425 and a delay 430. 

[0047] The flow chart of Fig. 5 illustrates the operation during the 

calibration mode. Referring to Figs. 4 and 5, the calibration mode is 
entered through the decision step 501 when a change of clock frequency 
in the control 100 is detected. Upon the detection, control is transferred 
to step 505 in which the index s (s = 1, 2, 3, 4) for the clock delay units is 
initially set to 1. The delay output of the clock delay unit s is that of the 
present clock rate without any DLs input. The circuit of Fig. 4 is then 
activated in which the delay DRF of the reference delay unit which is 
standard for the present clock rate is compared with the delay DLs of the 
s clock delay unit. In Fig. 4, the DOs output of the s clock delay unit is 
selected by the delay output multiplexer 115 and is applied to an input of 
each of the inverters 401 and 405 and to the NAND gate 420. 
Concurrently, the output of the reference delay unit 105 is applied to an 
input of each of inverters 410 and 415 and to an input of NND gate 420. 

[0048] The FET 405 is turned on by the DOs signal and the FET 403 is 

turned off by the output of the inverter 401. As a result, the capacitor 
409 is charged linearly by the current source 407 for the duration of the 
DOs signal. Similarly, The FET 415 is turned on by the DOs signal and 
the FET 413 is turned off by the output of the inverter 401. 
Consequently, the capacitor 419 is charged linearly by the current source 
407 for the duration of the reference clock output signal. Since, as is well 
known, two delay elements are not likely to be identical in 
implementation, the delay value of the clock delay units are assumed to 
be different. Accordingly, the capacitor 409 starts charging at a different 
time than the reference delay unit capacitor 419 so that the difference in 
delay is reflected in the output of the amplifier 440. 

[0049] When outputs from both the reference delay unit and the clock 

delay unit s are obtained, the NAND gate 420 provides an output to 
inverter 425. The output of inverter 425 is delayed by the delay 430 and 
the amplifier 440 is strobed by the signal from the delay 430. The 
amplifier 440 outputs a signal CAL indicative of the offset of the delay of 
the clock delay unit s from the reference clock delay. As indicated in 
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steps 510 and 515 of Fig. 5, the output DOs of the clock delay unit s is 
supplied to the calibration unit through the delay output multiplexer 115 
and the value of the offset is generated and stored in the delay offset 
store 215. After the offset is stored, it is determined in step 525 whether 
offset values have been obtained for all clock delay units. If not, the loop 
including steps 510, 515 and 525 is iterated through step 530 for the 
remaining clock delay units. 

[0050] After all clock delay units have been calibrated, step 601 of the 

precompensation mode illustrated by the flow chart of Fig. 6 is entered 
from step 525 of Fig. 5. In decision step 601 of Fig. 6, it is determined 
whether data signals are to be magnetically recorded. If not, decision 
step 501 of Fig. 5 is reentered to check for a change in clock frequency. If 
yes in the step 601, the clock delay unit index s is set to one and the data 
signal DATA(m) of the successive data signals to be written is received by 
the clock delay generator 101 of Fig. 1 (step 610). The look up table 210 
receives the signals DATA(m), DATA(nrl) and DATA(nr2) and sets clock 
delay information for the data signal DATA(m) in step 615 responsive to 
the adjacent signals DATA(m), DATA(ml) and DATA(nr2). 

[0051] The clock delay data signal DLs is formed in the combiner 220*s 

from the look up table clock delay information and the offset stored in 
delay offset store 215 (step 620). Steps 625 and 628 are then entered 
concurrently wherein the clock delay unit that received the data signal 
DATA(m-3) sends the clock delay output signal DO for the data output 
signal DAT(nr3) to the write driver 120 via the delay output multiplexer 
115 and the clock delay data signal DLs for the data signal DATA(m) is 
sent to the clock delay unit s. Decision step 630 is then entered in which 
whether the data signal DATA(m) is the last data signal to be recorded is 
determined. If yes, the step 501 of Fig. 5 is reentered to determine 
whether there is a change in clock frequency. Otherwise, the next clock 
delay unit in the rotating sequence of clock delay units 103-1, 103-2, 103- 
3 and 103*4 is selected in the step 635, the data signal index is 
incremented to m+1 in step 640 and the next data signal is received in 
the step 610. 

[0052] While the invention has been described in conjunction with a 

specific embodiment, it is evident to those skilled in the art that many 
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further alternatives, modifications and variations will be apparent in 
light of the foregoing description. Moreover, it is contemplated that the 
present invention is not limited to the particular circuit arrangement 
described and may utilize other appropriate operational amplifier and 
feedback arrangements. Thus, the invention described herein is intended 
to embrace all such alternatives, modifications, applications and 
variations as may fall within the spirit and scope of the appended claims. 
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